Spatial variation in background mortality among dominant coral taxa on Australia's Great Barrier Reef by Pisapia, Chiara & Pratchett, Morgan S.
Spatial Variation in Background Mortality among
Dominant Coral Taxa on Australia’s Great Barrier Reef
Chiara Pisapia1,2*, Morgan S. Pratchett1
1ARC Centre of Excellence for Coral Reef Studies, James Cook University, Townsville, Queensland, Australia, 2AIMS@JCU, Australian Institute of Marine Science, School of
Marine Biology, James Cook University, Townsville, Queensland, Australia
Abstract
Even in the absence of major disturbances (e.g., cyclones, bleaching), corals are consistently subject to high levels of
background mortality, which undermines individual fitness and resilience of coral colonies. Partial mortality may impact
coral response to climate change by reducing colony ability to recover between major acute stressors. This study quantified
proportion of injured versus uninjured colonies (the prevalence of injuries) and instantaneous measures of areal extent of
injuries across individual colonies (the severity of injuries), in four common coral species along the Great Barrier Reef in
Australia: massive Porites, encrusting Montipora, Acropora hyacinthus and Pocillopora damicornis. A total of 2,276 adult
colonies were surveyed three latitudinal sectors, nine reefs and 27 sites along 1000 km2 on the Great Barrier Reef. The
prevalence of injuries was very high, especially for Porites spp (91%) and Montipora encrusting (85%) and varied significantly,
but most lay at small spatial scales (e.g., among colonies positioned ,10-m apart). Similarly, severity of background partial
mortality was surprisingly high (between 5% and 21%) but varied greatly among colonies within the same site and habitat.
This study suggests that intraspecific variation in partial mortality between adjacent colonies may be more important than
variation between colonies in different latitudinal sectors or reefs. Differences in the prevalence and severity of background
partial mortality have significant ramifications for coral capacity to cope with increasing acute disturbances, such as climate-
induced coral bleaching. These data are important for understanding coral responses to increasing stressors, and in
particular for predicting their capacity to recover between subsequent disturbances.
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Introduction
Disturbances play an important role in structuring natural
communities [1,2], especially in coral reef ecosystems, which are
being subject to increasing frequency, severity and diversity of
acute disturbances [1,3]. Importantly, climate-related disturbances
are compounding numerous pre-existing natural and anthropo-
genic disturbances [1,4,5], contributing to extensive coral loss and
associated degradation of coral reef habitats [5,6,7,8]. Coral reefs
are highly dynamic ecosystems, naturally subject to a wide range
of disturbances operating at different temporal and spatial scales,
ranging from widespread mass bleaching events to chronic
localised removal of live coral tissue by corallivores [9]. However,
increasing effects of global climate change and other more direct
anthropogenic disturbances appear to be increasing rates of coral
mortality beyond those which can be sustained [10]. It is also
possible that the capacity of corals to recover from successive
disturbance events is declining, due to sustained declines in coral
growth or reproductive output [8].
Coral assemblages can recover quite quickly in the aftermath of
major disturbances (e.g., [11,12]), as long as there is i) sufficient
time between major disturbances, ii) adequate proximity or
connectivity to viable source populations, and iii) maintenance of
suitable substrates for settlement and subsequent survival of coral
recruits [13]. Given increasing incidence of major disturbances
(e.g., cyclones, bleaching or outbreaks of crown-of-thorns starfish),
the interval between these events is often less than five years [14],
exceeding the time needed for effective recovery [15]. Moreover,
the increasing spatial extent of disturbances (e.g., climate-induced
coral bleaching) is causing comprehensive mortality over very
large areas, further undermining the capacity for recovery (but see
[16]). The capacity for coral assemblages to recover can also be
negatively affected by smothering or overgrowth by macroalgae, in
instances where there is insufficient grazing by herbivorous fishes
[17], and by a range of factors that potentially limit the early post-
settlement growth and survivorship of corals [18].
While acute disturbances (e.g., cyclones, bleaching or outbreaks
of crown-of-thorns starfish) often have very conspicuous effects on
corals, causing high levels of whole colony mortality, chronic
disturbances (e.g., predation, competition and disease) can have
equally important effects on coral communities, further increase
susceptibility to major disturbances [19] and greatly reduce
recovery and resilience [20]. Wakeford and co-workers [20]
attributed low coral cover recorded at Lizard Island, in northern
Great Barrier Reef (GBR) to chronic disturbances and high rates
of background mortality. Accordingly, coral assemblages at very
isolated reefs (e.g., Scott Reef, off the north-west shelf), which are
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largely isolated from chronic anthropogenic disturbances, may
recover quite rapidly even after very severe acute disturbances
[16]. In the absence of major disturbances, corals are continually
subject to a range of chronic, often small-scale disturbances that
can cause relatively high rates of mortality [20,21,22,23]. These
chronic disturbances are a normal part of the natural dynamics
and turnover in coral populations and communities [24,25,26],
but may be increasing in prevalence and severity, thereby
undermining the capacity for recovery (annual background
mortality rates can generally vary from 1 to 30%:
[20,23,26,27,28]. If for example, background mortality rates are
increasing, the rate of recovery will be reduced, requiring an even
longer period for complete recovery between successive major
disturbances.
Corals are modular organisms and can survive extensive injury
(loss of polyps) or partial mortality, on a scale far beyond the
regenerative capacity of most solitary organism [29]. However,
partial mortality and declines in the total number of polyps that
make up a colony, result in smaller colony size, which can greatly
affect individual fitness [24,30,31]. Colonies suffering from partial
mortality must divert energy towards tissue repair, leading to a
reduced energy expenditure towards growth, reproduction and
other metabolic functions [32]. Very high prevalence and severity
of partial mortality may therefore, have a stronger bearing on the
fitness and fate of coral colonies and/or populations, than even
colony size or other commonly used metrics of population
structure. There are very few studies that have systematically
quantified the prevalence or severity of partial mortality across a
range of different corals or at a range of locations [33,34]. It is very
likely however, that rates of injury will vary spatially, with greatest
variation likely to occur at relatively small scales [23]. On the
GBR, for example, midshelf reefs are subject to frequent and
severe acute disturbances, mostly associated with outbreaks of
crown-of-thorns starfish [35,36], whereas offshore reefs are
relatively less affected by such disturbances. However, even more
apparent is the patchy nature of most disturbances, such that some
reefs may be severely impacted, whereas other nearby reefs are
unaffected [3].
The aim of this study was to quantify the prevalence and
severity of partial mortality across four dominant coral taxa
(Acropora hyacinthus, Pocillopora damicornis, massive Porites spp and
encrusting Montipora) at a hierarchy of spatial scales (among
sectors, among reefs and among sites within reefs) on midshelf
reefs on the Australia’s GBR. Biotic and abiotic agents of partial
mortality can vary in frequency, intensity and spatial scale and can
therefore have different impacts on coral colonies at different
scales [3]. By measuring the prevalence and severity of partial
mortality across a hierarchy of different spatial scales we hope to
provide insights into local versus global causes of partial mortality.
Quantifying rates of tissue loss along the entire GBR is critical for
understanding spatial variation in the recovery capacity and
resilience of reef-building corals. More specifically, this study tests
the hypothesis that background rates of partial mortality decrease
with latitude, thereby accounting for apparent discrepancies in
rates of population replenishment versus overall abundance of
adult corals [37]. Similar levels of adult abundance despite much
higher levels of recruitment in the northern GBR imply that there
must be higher levels of background mortality. The greatest
variation was expected between latitudinal sectors, however, since
chronic background disturbances are recurrent patchy stressors,
prevalence and severity of partial mortality were also expected to
vary at smaller scale (reef and site). If so, then this may have
significant ramifications for the capacity of corals to cope with
increasing acute disturbances associated with global climate
change.
Materials and Methods
Ethics statement
The activities for this study were conducted under permission
from the Great Barrier Reef Marine Park Authority (Permit
Number G09/32834.1). Only visual censuses of coral communities
were conducted; no fauna or flora were collected or manipulated
during this study.
Study sites
This study was conducted in 2011 on the Great Barrier Reef,
Australia. Sampling was undertaken at a hierarchical of spatial
scales. At the largest scale, three distinct latitudinal locations,
separated by at least 500 km, were considered: the northern sector
in the vicinity of Lizard Island (14u419S, 145u289E), the central
sector, in vicinity of Trunk Reef (18 259S, 146u479E), and the
southern sector, in the vicinity of Heron Island (23u279S.
155u559E) (Fig. 1). At each location, sampling was conducted at
2–3 reefs, and a total of nine different sites. Sites were separated by
up to 2 km along the exposed (south-east) margin (Fig. 1). To
avoid any effect of cross shelf variation, only mid-shelf reefs were
sampled. Similarly, sampling was confined to reef crest habitats,
between 3–5 m depth. At each site, sampling was conducted along
three replicate 1065 m belt transects orientated parallel to, and
positioned within 5–10 m of, the reef crest. Due to the high
frequency and intensity of disturbances (such as predation) on the
reef crest, prevalence and severity of partial mortality were
expected to be higher in this habitat compared to the flat and
slope.
Survey of partial mortality
This study considered four dominant coral taxa; Acropora
hyacinthus, Pocillopora damicornis, massive Porites spp and encrusting
Montipora. These four coral taxa are not only among the most
common along the GBR [38], but represent contrasting
morphologies and life-history strategies [39]. To compare the
prevalence and severity of partial mortality within coral taxa, all
relevant colonies located with the area of the each transect were
surveyed and photographed. Each colony was photographed from
the top with appropriate scale references, and all images were
processed using the software Image J, to quantify the planar areal
extent as a measure of colony size. The prevalence and severity of
injuries were however, recorded in situ due to difficulties in
capturing the full extent of injuries (especially on the sides and base
of colonies) in a single photograph. The severity of partial
mortality on individual colonies ranged from zero (no injury) to
close to 100%. According to data from AIMS Long-term monitor
program, during the study period the major acute disturbances
that affected the three latitudinal sectors were cyclone Hamish in
2009 (southern GBR) and cyclone Yasi in 2011 (central and
northern GBR). Since cyclones have a distinctive and identifiable
effect on corals, such as dislodgment and breakage of colonies, it
was easy to identify this agent of disturbance and exclude it from
the survey. To reduce any bias broken or dislodged colonies were
not included in the surveys, this ensured that partial mortality
recorded during the survey was due to chronic rather than acute
stressors.
Data analysis
The effect of colony size on both prevalence and severity of
tissue loss, regardless of spatial scales, was tested with two linear
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regressions for each species, using the proportion of injured
colonies and arcsine partial mortality as dependent variables and
colony size as predictor. Separate 1-way ANOVAs were then
conducted for each of the four different taxa for both prevalence
and severity of injuries. For prevalence of injuries, we analysed the
proportion of colonies at each site that had any evidence of injury,
and thereby compared prevalence of injury among sectors and
among reefs (nested within sectors). For severity, mean colony
percentage of partial mortality (which was arcsine transformed to
meet the assumptions) was analysed among sectors, reefs, and sites
(site nested within reef and reef nested within site). Variation in
proportional mortality among size classes was analysed using size-
frequency distributions, which were calculated based on estimates
of the surface area of each colony. More specifically, size classes
were determined a priori and were consistent across all coral taxa.
The specific categories used correspond with log10 transformed
surface area in cm2 of each colony following Bak and Meesters
[40], and Adjeroud [41]. Spatial variation in both prevalence and
severity of partial mortality (specifically, the proportional extent of
dead versus living components of each colony) among the four
coral taxa (A. hyacinthus, P. damicornis, massive Porites spp and
encrusting Montipora) were analyzed using two separate hierarchi-
cally-nested ANOVAs, with transects (3 per site) nested within site,
sites (3 per reef) nested within reef, and reefs (3 per sector) nested
within latitudinal sectors (3 sectors). Proportional mortality for
each colony was arcsine-square root transformed prior to analysis.
Due to the unbalanced design, the F-statistic and p-values resulting
from the Type III sum of square were reported. Variance
components were also calculated for each coral taxa to assess
whether the most important scale at which variation occurs is
consistent across taxa with fundamentally different life-history
dynamics. A Tukey’s HSD post hoc test was used to identify where
differences among group means occurred.
Figure 1. Map of the three study sectors (northern, central and southern) along the Great Barrier Reef, Australia. Within each
latitudinal sector, three mid-shelf reefs, each with three sites on the exposed reef crest, were sampled. Figure adapted from Trapon and co-workers
[18].
doi:10.1371/journal.pone.0100969.g001
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All tests were performed with STATISTICA 7.0 (StatSoft)
software.
Results
A total of 2,276 colonies were surveyed during this study,
including 862 colonies of A. hyacinthus, 301 colonies of massive
Porites, 505 colonies of P. damicornis and 608 colonies of encrusting
Montipora. Prevalence of partial mortality or injuries was very high
across all taxa, averaging 71% for Acropora, 59% for P. damicornis,
85% for encrusting Montipora and 92% for Porites across all sectors,
reefs and sites (Table 1). All the four species exhibited a high range
of tissue loss in all size classes: most size classes contained colonies
with no mortality, moderate levels of mortality and extensive
mortality (Fig. 2, 3). Also, the number of colonies with no injury,
low, medium and high extent of injury was relatively similar
among size classes (Fig. 2,3). This may explain why the regressions
showed that both prevalence and severity of injury were generally
independent of colony size in all the coral taxa (Table 2).
Importantly, the r2 values were very low for all coral species
indicating that colony size explained only a very small proportion
of the total variation (Table 2). Colony size was a predictor of
severity of partial mortality only in P. damicornis (r2 = 0.31, n= 294,
p = 0.002), with smaller colonies having proportionately more
injury (Table 2). The One-way ANOVAs results for tests of the
regressions, investigating the relationship between prevalence of
injury and severity of injury and colony size were not statistically
significant in any of the coral taxa.
Prevalence of partial mortality (proportion of injured colonies)
varied significantly both among reefs and among sectors for
Montipora encrusting (Table 3), with the greatest variation at sector
level (54.1%). For all other coral taxa variation was most apparent
at the smallest scales (within reefs), and there was no significant
variation among reefs or among sectors.
As for prevalence, the severity of partial mortality (the extent of
injuries on individual colonies) varied most (.80%) at smallest
scales, and in this case among transects within sites (Table 4).
There was however, significant variation in the severity of partial
mortality at the largest scale (among sectors) for A. hyacinthus and
encrusting Montipora. For encrusting Montipora, mean severity of
partial mortality was highest (21%) in the central sector, while in
mean severity of partial mortality was highest (5%) for A. hyacinthus
in the northern sector (Fig. 4).
In P. damicornis and Montipora spp the majority of the colonies
were smaller than 1000 cm2, while in A. hyacinthus colony surface
area ranged from 90 cm2 up to 37.240 cm2, and in Porites ranged
from 75 cm2 to 2410 cm2.
Discussion
Prevalence of injury was consistent across all taxa and all
locations, suggesting that background mortality is common along
the GBR. Similarly, Wakeford and co-workers [19] found that
annual background mortality at Lizard Island on the GBR, was ca
22% for P. damicornis, ca 18% for A. hyacinthus and ca 10% for
Porites massive. This is much lower than recorded in this study, but
Wakeford and co-workers [20] did not account for partial
mortality. Even higher rates of annual background partial
mortality were recorded in the Caribbean compared to the
GBR. In Curacao in 2005 corals exhibited between 14 and 48% of
tissue loss mainly due to disease [42], while in Bonairie in 2011
extent of injury ranged between 0 and 99% for Montastrea complex
and was around 8% for other scleractinians [33]. Similarly, in
Florida Keys, prevalence of recent partial mortality during periods
of background, low-stress environmental conditions was still ,5%
for the 11 most abundant species [34]. High rates of background
partial mortality within a population may lead to a decline in
population densities through time because they can result in
reduced colony growth [32,43], reproductive output [44,45], and
reduced colony size [46] of individuals. Cumming [47] showed
that recent injury can predict colony fate even more than colony
size. However, even though partial mortality can negatively affect
coral community dynamics [48], it also true that it may partially
enable reef recovery by providing substrate for corals to settle, thus
maintaining coral dominated reefs [33,49].
The mean severity of background mortality varied among taxa
suggesting that some species may be more resistant to routine
agents and/or have better recovery potential. Massive Porites is a
long-lived, slow growing coral, with generally low regenerative
capabilities [50,51,52,53] so old injuries are likely to accumulate
through time. Conversely branching corals, such as Acropora have
high regeneration capacities, rapid linear growth, and short
generation time (less than 30 years) [41,54]. The observed
taxonomic differences in prevalence of injury recorded during
this study broadly correspond with differences in growth rates and
relative investment in repair [50,51,54,55,56,57]. It is possible
therefore, that Acropora have equal or higher incidence of injuries
compared to massive Porites, but higher rates of whole colony
mortality and/or more rapid regenerative capacity, leading to
lower levels of instantaneous partial mortality. Branching corals,
such as Acropora spp would intuitively appear much more
vulnerable to breakage and injuries than massive corals [50].
However, the agents of partial mortality are likely to vary greatly
among taxa. For example, fish predation is often not visible on
branching corals, while it is conspicuous on massive Porites, which
shows the highest rates of grazing scars compared to other coral
species [58]. It appears however, that taxonomic differences in the
severity of injury are most likely due to differences in persistence of
injuries, or the rate of repair.
Previously published data documented marked latitudinal
differences in population replenishment (highest in the northern
GBR) despite similar adult abundance (measured as number of
adult colonies per transect), suggesting that there are marked
differences in the underlying dynamics of coral populations along
the GBR [37]. More specifically, since high population replenish-
ment did not correspond with high number of adult colonies, high
rates of mortality (and/or reduced growth rates) may be
responsible for differences between recruitment and adult popu-
lations. Based on these findings, it was expected background rates
of mortality would be highest in the northern GBR and lowest in
southern GBR. Conversely, background levels of partial mortality
were found to be lower in the northern GBR and higher in the
central and southern, with greatest variability apparent within sites
or reefs, rather than among than sectors. Latitudinal gradients in
key environmental variables (e.g., temperature and light) may in
part influence rates of background mortality, modifying suscepti-
bility or causing marked differences in recovery capacity.
Temperature and light may affect background colony mortality
by reducing or increasing regenerative abilities in colonies
[53,59,60]. For instance reduced temperatures have been shown
to cause polyps mortality [59] and declines in regeneration rates
[53] and it may explain the higher rates of severity of partial
mortality measured here in the southern GBR. Similarly, reduced
light levels may cause a drop in regeneration rate due to reduced
supply of photosynthetic products from zooxanthellae [53,56,60].
However, in the present study, latitude seemed to play a minor
role in driving severity of background partial mortality, with only
two of the four coral taxa showing latitudinal variation in the
extent of injury.
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Spatial variation in background mortality can greatly affect the
response (e.g., capacity for recovery) of coral populations subject to
increasing acute and anthropogenic disturbances. The drivers of
the observed spatial variation are still unclear as the source of
mortality was often hard to determine. Many A. hyacinthus and P.
damicornis colonies had injuries at the edge of the colony suggesting
that partial mortality was likely due to agents that were restricted
to the bottom such as competition, polychaetes, or gravity causing
scouring sand and moving coral fragments [50]. The reef-to-reef
and site-to-site variability within sectors observed in Porites and A.
hyacinthus, were likely the result of physical and biological routine
agents such as fishes, echinoids, asteroids, molluscs, polychaetes,
and microorganisms [61,62], acting at spatial scales smaller, equal
to or larger than individual reefs. These findings suggest that both
disturbance regimes, and the responses of each species to routine
agents are irregular, and may vary according to small differences
in environmental conditions. The observed spatial variation in
tissue loss supports results from other studies
[20,26,63,64,65,66,67] showing how coral populations are subject
to a wide range of different levels of disturbances and trajectories
of recovery.
Figure 2. Size-frequency distributions (percentage of colonies) and percentage partial mortality for each size class in each
latitudinal sector for Porites massive, and Acropora hyacinthus. Size classes were log10 transformed estimates of colony surface area.
doi:10.1371/journal.pone.0100969.g002
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The most notable result from this study, is that variation in the
prevalence and severity of partial mortality is most apparent at
small (e.g., within reef) rather than larger, latitudinal scales. This
shows that the disturbance history is likely to be more variable
among colonies at the same site, than it is among disparate
populations, suggesting that there is also likely to be marked
variation in resilience to acute disturbances at this local scale
[68,69,70]. Colonies with high incidence or severity of injuries are
likely to have a generally lower capacity to withstand, and recover
from, environmental changes or acute disturbances, leading to
Figure 3. Size-frequency distributions (percentage of colonies) and percentage partial mortality for each size class in each
latitudinal sector for encrusting Montipora, and P. damicornis. Size classes were log10 transformed estimates of colony surface area.
doi:10.1371/journal.pone.0100969.g003
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intraspecific differences in susceptibility to future acute distur-
bances. Accordingly, Pisapia et al [71] showed that adjacent
colonies may vary greatly in their physiological condition due to
localized differences in chronic disturbance regimes, though it is
yet to be shown that this then leads to localized selectivity in the
effects of major disturbances.
Mortality regimes of corals are expected to be strongly size-
dependent, whereby the prevalence of partial mortality is expected
Table 1. Number of injured colonies versus number of total colonies surveyed at each site, within each reef and sector for the four
coral species.
Sector Reef Site Acropora hyacinthus Montipora encrusting Porites massive Pocillopora damicornis
North Lizard Island 1 9/16 56/56 16/16 10/13
North Lizard Island 2 44/68 13/13 15/15 15/23
North Lizard Island 3 0/0 14/14 41/43 12/24
North Mac 1 9/14 6/6 28/28 21/38
North Mac 2 34/50 9/9 12/12 3/4
North Mac 3 30/60 37/37 17/17 20/34
North North Direction 1 13/20 26/26 19/19 34/44
North North Direction 2 16/19 40/42 32/32 35/62
North North Direction 3 39/51 7/8 28/28 59/87
Central Trunk 1 75/81 15/15 0/0 6/9
Central Trunk 2 39/45 30/30 0/0 0/0
Central Trunk 3 33/33 20/20 0/0 0/0
Central Rib 1 60/60 3/3 15/15 10/10
Central Rib 2 20/58 2/2 10/10 3/5
Central Rib 3 12/40 9/9 10/10 2/3
Central Bramble 1 19/21 10/10 9/15 2/3
Central Bramble 2 35/60 32/32 19/19 8/20
Central Bramble 3 21/23 10/10 0/0 6/11
South Wistari 1 9/15 11/14 0/2 10/35
South Wistari 2 12/18 8/13 2/2 2/3
South Wistari 3 20/20 1/5 0/0 1/4
South South Heron 1 11/24 9/15 10/10 20/20
South South Heron 2 10/16 1/6 0/0 0/4
South South Heron 3 27/37 33/66 0/0 2/21
South North Heron 1 13/13 60/60 0/0 2/3
South North Heron 2 0/0 17/27 5/5 25/25
South North Heron 3 0/0 51/51 3/3 0/0
doi:10.1371/journal.pone.0100969.t001
Table 2. Linear regression outcomes to investigate the effect of colony size on the severity (extent of injury) and on the
prevalence (proportion of injured colonies) of partial mortality in each coral taxa.
Severity of partial mortality R2 df F p
A. hyacinthus 0.007 1/468 3.7 0.05
Porites spp 0.05 1/109 3.25 0.59
Montipora encrusting 0.01 1/203 3.81 0.53
P. damicornis 0.31 1/292 9.56 0.002
Prevalence of partial mortality R2 df F p
A. hyacinthus 0.49 1/22 1.14 0.29
Porites spp 0.01 1/17 0.01 0.89
Montipora encrusting 0.01 1/25 0.04 0.82
P. damicornis 0.09 1/22 0.2 0.65
doi:10.1371/journal.pone.0100969.t002
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to increase with colony size, while the probability of whole-colony
mortality decreases with colony size [24,46,72,73,74,75] because
at least some portion of the colony is likely to persist in increasingly
large colonies. In this study however, neither prevalence or
severity of partial mortality showed a strong relationship with
colony size; for P. damicornis there was a weak, though significant
relationship between severity of injuries and colony size, but no
such relationship existed for any other coral taxa. A lack of any
relationship between size and severity of partial mortality was also
observed in the Caribbean [33] where it was attributed to high
variability in the extent of injury across all size classes. Moreover,
differences in the repair and regenerative capacities of colonies of
different sizes, may obscure such relationship, whereby larger
colonies may experience higher incidence of injury, but also have
Table 3. Results of hierarchically-nested ANOVAs to test for spatial variation in prevalence of injury (proportion of injured colonies
per site) for each coral taxa.
SS df MS F p var (%)
A. hyacinthus
Sector 0.07 2/16 0.03 0.89 0.42 0
Reef (Sector) 0.38 6/15 0.06 1.6 0.2 16.1
Error 0.6 16 0.04 83.9
Porites spp
Sector 0.08 2/11 0.04 0.79 0.47 1.8
Reef (Sector) 0.34 5/11 0.06 1.31 0.32 1.2
Error 0.58 11 0.05 97
Montipora encrusting
Sector 0.84 18/2 0.42 19.2 ,0.001 54.1
Reef (Sector) 0.35 6/18 0.05 2.6 0.05 16.5
Error 0.39 18 0.02 29.4
P. damicornis
Sector 0.06 2/15 0.03 0.51 0.6 0
Reef (Sector) 0.38 6/15 0.06 0.9 0.47 1.6
Error 0.1 15 0.7 98.4
doi:10.1371/journal.pone.0100969.t003
Figure 4. Mean (± SE) percentage partial mortality per colony (severity of partial mortality) in Acropora hyacintus, Porites massive,
Montipora encrusting and Pocillopora damicornis, in the three latitudinal sectors: the northern, the central and the southern sector.
Partial mortality was calculated as the proportion of dead to live tissue within the overall physical extent of each coral colony.
doi:10.1371/journal.pone.0100969.g004
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greater capacity for tissue repair [24,76,77]. An injury of a given
size is also going to require greater proportional investment in
repair for smaller colonies [46,78]. Therefore, repeated measure-
ments through time of observable injuries on the same colonies are
needed to better investigate recovery rates and capacity of these
taxa.
Background levels of partial mortality are likely to have a
fundamental effect on the fitness of individual colonies and the
capacity of populations to withstand, and recover from, major
acute disturbances [34,48]. This is the first large-scale study of
background levels of partial mortality, testing for large (latitudinal)
and small (site) scale differences in the prevalence and severity of
injuries across four dominant taxa of scleractinian corals. The
findings from this study provide an insight in rates of mortality
along the GBR, which can be used as a guideline for global
comparisons and for evaluating environmental impacts on reefs or
establishing monitoring projects. Instantaneous measures of
observable injuries in adult coral colonies allow quantifying
mortality events that are visible, and have lasting effects on coral
colonies, as well as provide baseline estimates of coral mortality
[48,79]. However, since coral lesions regenerate at different rates,
regeneration can stop before the injuries are fully healed or it can
continue for over a year with lesions that do not initially regenerate
healing later [80]. Future studies should combine instantaneous
measures of observable injuries with repeated measurements over
time to provide explicit estimates of the rate of injury. This
research also needs to be combined with experimental studies to
assess the effects of chronic injuries on colony physiological
condition and on the capacity of colonies to withstand major acute
disturbances
Acknowledgments
The authors are indebted to M. Trapon, A. Hoey, J. Casey and D. Coker
for assistance in the field, and the staff at Lizard Island, Orpheus Island and
Heron Island Research Stations for field and logistical support.
Author Contributions
Conceived and designed the experiments: CP MSP. Performed the
experiments: CP MSP. Analyzed the data: CP MSP. Contributed
reagents/materials/analysis tools: CP MSP. Contributed to the writing of
the manuscript: CP MSP.
References
1. Hughes TP, Baird AH, Bellwood DR, Card M, Connolly SR, et al. (2003)
Climate change, human impacts, and the resilience of coral reefs. Science 301:
929–93.
2. Worm B, Barbier EB, Beaumont N, Duffy JE, Folke C, et al. (2006) Impacts of
biodiversity loss on ocean ecosystem services. Science 314: 787–790.
3. Karlson RH, Hurd LE (1993) Disturbance, coral reef communities, and
changing ecological paradigms. Coral Reefs 12: 117–125.
4. Jackson JBC, Kirby MX, Berger WH, Bjorndahl KA, Botsford LW, et al. (2001)
Historical overfishing and the recent collapse of coastal ecosystems. Science 293:
629–638.
Table 4. Results of hierarchically-nested ANOVAs to test for spatial variation in severity of partial mortality (specifically, the
proportional extent of dead versus living components of each colony) for each coral taxa at all spatial scale.
SS df MS F p var (%)
A. hyacinthus
Sector 1.15 2/450 0.57 13.15 .0.001 4.2
Reef (Sector) 0.58 4/450 0.14 3.32 0.01 14.2
Site (Sector*Reef) 0.5 4/450 0.12 2.87 0.02 0.4
Transect (Sector*Reef*Site) 0.13 4/450 0.03 0.76 0.54 0.2
Error 20.6 450 0.04 81
Porites spp
Sector 0.03 2/94 0.01 0.67 0.51 8.3
Reef (Sector) 0.2 4/94 0.06 2.75 0.03 0
Site (Sector*Reef) 0.09 4/94 0.02 0.96 0.43 0
Transect (Sector*Reef*Site) 0.05 4/94 0.01 0.57 0.67 0.3
Error 2.27 94 0.02 91.4
Montipora encrusting
Sector 0.38 2/185 0.19 4.8 .0.001 6.4
Reef (Sector) 0.27 4/185 0.06 1.7 0.1 4.2
Site (Sector*Reef) 0.07 4/185 0.01 0.45 0.7 4.9
Transect (Sector*Reef*Site) 0.06 4/185 0.01 0.38 0.8 1.1
Error 7.4 185 0.04 83.4
P. damicornis
Sector 0.14 2/283 0.07 1.8 0.16 0.4
Reef (Sector) 0.14 4/283 0.03 0.93 0.44 1.4
Site (Sector*Reef) 0.25 4/283 0.06 1.61 0.17 1.4
Transect (Sector*Reef*Site) 0.2 4/283 0.05 1.29 0.27 5
Error 11.3 283 0.04 91.9
doi:10.1371/journal.pone.0100969.t004
Spatial Variation in Background Mortality along the Great Barrier Reef
PLOS ONE | www.plosone.org 9 June 2014 | Volume 9 | Issue 6 | e100969
5. Gardner TA, Coˆte´ IM, Gill JA, Grant A, Watkinson AR (2003) Long-term
region-wide decline in Caribbean corals. Science 301: 958–960.
6. Bellwood DR, Hughes TP, Folke C, Nystrom M (2004) Confronting the coral
reef crisis. Nature 429: 827–832.
7. Bruno JF, Selig ER (2007) Regional decline of coral cover in the Indo-Pacific:
timing, extent, and subregional comparisons. PLOSONE 8:e711.
8. De´ath G, Fabricius KE, Sweatman H, Puotinen M (2012) The 27-year decline
of coral cover on the Great Barrier Reef and its causes. Proc Natl Acad Sci 109:
17995–17999.
9. Nystro¨m M, Folke C (2001) Spatial resilience of coral reefs. Ecosystems 4: 406–
417.
10. Hoegh-Guldberg O, Mumby PJ, Hooten J, Teneck RS, Greenfield P, et al.
(2007) Coral reefs under rapid climate change and ocean acidification. Science
318:1737–1742.
11. Halford A, Cheal AJ, Ryan D, Williams D (2004) Resilience to large-scale
disturbance in coral and fish assemblages on the Great Barrier Reef. Ecology 85:
1892–1905.
12. Linares C, Pratchett MS, Coker DJ (2011) Recolonisation of Acropora hyacinthus
following climate-induced coral bleaching on the Great Barrier Reef. Mar Ecol
Prog Ser 438: 97–104.
13. Connell J, Hughes T, Wallace C (1997) A 30 year study of coral abundance,
recruitment, and disturbance at several scales in space and time. Ecol Monogr
67: 461–488.
14. Trapon ML, Pratchett MS, Penin L (2011) Comparative effects of different
disturbances in coral reef habitats in Moorea, French Polynesia. J Mar Biol DOI:
10.1155/2011/807625.
15. Tanner JE, Hughes TP, Connell JH (1994) Species coexistence, keystone species,
and succession: a sensitivity analysis. Ecology 75: 2204–2219.
16. Gilmour JP, Smith LD, Heyward AJ, Baird AH, Pratchett MS (2013) Recovery
of an isolated coral reef system Following Severe Disturbance. Science 340: 69–
71.
17. Hughes TP, Rodrigues MJ, Bellwood DR, Ceccarelli D, Hoegh-Guldberg O,
et al. (2007) Phase shifts, herbivory, and the resilience of coral reefs to climate
change. Curr Biol 17: 360–365.
18. Trapon ML, Pratchett MS, Hoey AS (2013) Spatial variation in abundance, size
and orientation of juvenile corals related to the biomass of parrotfishes on the
Great Barrier Reef, Australia. PLOSONE 8(2): e57788.
19. Harvell CD, Mitchell C, Ward J, Altizer S, Dobson A, et al. (2002) Climate
warming and disease risks for terrestrial and marine biota. Science 296: 2158–
2168.
20. Wakeford M, Done TJ, Johnson CR (2008) Decadal trends in a coral
community and evidence of changed disturbance regime. Coral Reefs 27: 1–13.
21. Stimson J (1985) The effect of shading by the table coral Acropora hyacinthus on
understory corals. Ecology 66: 40–53.
22. Connell JH (1997) Disturbance and recovery of coral assemblages. Coral Reefs
16(Suppl.): S101–S113.
23. Pratchett MS, Pisapia C, Sheppard C (2013) Background mortality rates for
recovering populations of Acropora cytherea in the Chagos Archipelago, central
Indian Ocean. Mar Environ Res 86: 29–34.
24. Hughes TP, Jackson JBC (1985) Population dynamics and life histories of
foliaceous corals. Ecol Monogr 55: 141–166.
25. Knowlton N, Lang JC, Keller BD (1990) Case study of natural population
collapse: post-hurricane predation on Jamaican staghorn corals. Washington:
Smithsonian Institution Press.
26. Bythell JC, Gladfelter EH, Bythell M (1993) Chronic and catastrophic natural
mortality of three common Caribbean reef corals. Coral Reefs 12: 143–152.
27. Bak RPM, Luckhurst BE (1980) Constancy and change in coral reef habitats
along depth gradients at Curac¸ao. Oecologia 47: 145–155.
28. Harriot VJ (1985) Mortality rates of scleractinian corals before and during a
mass bleaching event. Mar Ecol Prog Ser 21: 81–88.
29. Hughes TP, Jackson JBC (1980) Do corals lie about their age? Some
demographic consequences of partial mortality, fission and fusion. Science
209: 713–714.
30. Hall VR, Hughes TP (1996) Reproductive strategies of modular organisms:
comparative studies of reef-building corals. Ecology 77: 950–963.
31. Bruckner AW, Hill RL (2009) Ten years of change to coral communities off
Mona and Desecheo Islands, Puerto Rico, from disease and bleaching. Dis
Aquat Organ 87: 19–31.
32. Meesters EH, Noordeloos M, Bak RPM (1994) Damage and regeneration: links
to growth in the reef-building coral Montastrea annularis. Mar Ecol Prog Ser 112:
119–128.
33. Bruckner AW (2012) Static measurements of the resilience of Caribbean coral
populations. Rev Biol Trop 60 (1): 39–57.
34. Lirman D, Formel N, Schopmeyer S, Ault JS, Smith SG, et al. (2013) Percent
recent mortality (PRM) of stony corals as an ecological indicator of coral reef
condition. Ecol Indicat DOI:10.1016/2013/10021.
35. Osborne K, Dolman AM, Burgess SC, Johns KA (2011) Disturbance and the
dynamics of coral cover on the Great Barrier Reef (1995–2009). PLOSONE
6(3): e17516.
36. Sweatman H, Delean S, Syms C (2011) Assessing loss of coral cover on
Australia’s Great Barrier Reef over two decades, with implications for longer-
term trends. Coral Reefs 30: 521–531.
37. Hughes TP, Baird AH, Dinsdale EA, Moltschaniwskyj NA, Pratchett MS, et al.
(1999) Patterns of recruitment and abundance of corals along the Great Barrier
Reef. Nature 397: 59–63.
38. Veron JEN, Wallace CC (1984) Scleractinia of Eastern Australia, Part 5:
Acroporidae. Sydney: Australian Institute of Marine Science Monograph Series.
39. Darling ES, Alvarez-Philip L, Oliver TA, McClanahan TR, Coˆte´ IM (2012)
Evaluating life-history strategies of reef corals from species traits. Ecol Lett 15:
1378–1386.
40. Bak RPM, Meesters EH (1998) Coral population structure: the hidden
information of colony size-frequency distributions. Mar Ecol Prog Ser 162:
301–306.
41. Adjeroud M, Pratchett MS, Kospartov MC, Lejeusne C, Penin L (2007) Small-
scale variability in the size structure of scleractinian corals around Moorea,
French Polynesia: patterns across depths and locations. Hydrobiologia 589: 117–
126.
42. Bruckner AW, Bruckner RJ (2006) The recent decline in Montastraea annularis
(complex) coral populations in western Curacao: a cause for concern? Int J Trop
Biol 54: 45–58.
43. Bak RPM (1983) Neoplasia, regeneration and growth in the reef building coral
Acropora palmata. Mar Biol 77: 221–227.
44. Rinkevich B, Loya Y (1989) Reproduction in regenerating colonies of the coral
Stylophora pistillata. In: Spanier E, Stinberger Y, Luria M, editors. Environmental
Quality and Ecosystem Stability. Jerusalem: Hebrew University. pp. 257–265.
45. Manfred L, Van Veghel J, Bak RPM (1994) Reproductive characteristics of the
polymorphic Caribbean reef building coral Montastrea annularis. III. Reproduc-
tion in damaged and regenerating colonies. Mar Ecol Prog Ser 109: 229–233.
46. Henry LA, Hart M (2005) Regeneration from injury and resource allocation in
sponges and corals—a review. Int Rev Hydrobiol 90: 125–158.
47. Cumming RL (2002) Tissue injury predicts colony decline in reef building corals.
Mar Ecol Prog Ser 242: 131–141.
48. Dikou A, van Woesik R (2006) Partial colony mortality reflects coral community
dynamics: a fringing reef study near a small river in Okinawa, Japan. Mar Poll
Bull 52: 269–280.
49. Toh TC, Chou LM (2013) Aggregated settlement of Pocillopora damicornis
planulae on injury sites may facilitate coral wound healing. Bull Mar Sci 89:
583–584.
50. Meesters EH, Wesseling I, Bak RPM (1996) Partial mortality in three species of
reef-building corals and the relation with coral morphology. Bull Mar Sci 58:
838–852.
51. Meesters EH, Wesseling I, Bak RPM (1997a) Coral colony tissue damage in six
species of reef-building corals: partial mortality in relation with depth and
surface area. J Sea Res 37: 131–144.
52. Wesseling I, Uychiaoco AJ, Aalin˜o PM, Vermaat JE (2001) Partial mortality in
Porites corals: variation among Philippine reefs. Internat Rev Hydrobiol 86: 77–
85.
53. Denis V, Debreuil J, De Palmas S, Richard J, Guillaume MMM, et al. (2011)
Lesion regeneration capacities in populations of the massive coral Porites lutea at
Re´union Island: environmental correlates. Mar Ecol Prog Ser 428: 105–117.
54. Yap H, Alino PM, Gomez ED (1992) Trends in growth and mortality of three
coral species (Anthozoa: Scleractinia) including effects of transplantation. Mar
Ecol Prog Ser 83: 91–101.
55. Hughes TP (1989) Community structure and diversity of coral reefs: the role of
history. Ecology 70: 275–279.
56. Meesters EH, Bos A, Gast GJ (1992) Effects of sedimentation and lesion position
on coral tissue regeneration. Proc 7th Int Coral Reef Symp 2: 681–688.
57. Hall VR (1997) Interspecific differences in the regeneration of artificial injuries
on scleractinian corals. J Exp Mar Biol Ecol 212: 9–23.
58. Bonaldo RM, Bellwood DR (2011) Parrotfish predation on massive Porites on the
Great Barrier Reef. Coral Reefs 30: 259–269.
59. Roberts HH, Rouse LJ, Walker ND, Hudson JH (1982) Cold-water stress in
Florida Bay and northern Bahamas – a product of winter cold-air outbreaks.
J Sediment Petrol 52: 145–155.
60. Titlyanov EA, Titlyanova TV, Yakovleva IM, Nakano Y, Bhagooli R (2005)
Regeneration of artificial injuries on scleractinian corals and coral/algal
competition for newly formed substrate. J Exp Mar Biol Ecol 323: 27–42.
61. Brown BE, Howard LS (1985) Assessing the effects of ‘stress’ on reef corals. Adv
Mar Biol 22: 1–63.
62. Hutchings PA (1986) Biological destruction of coral reefs. Coral Reefs 4: 239–
252.
63. Done TJ (1988) Simulation of recovery of pre-disturbance size structure in
populations of Porites spp. damaged by the crown of thorns starfish Acanthaster
planci. Mar Biol 100: 51–61.
64. Done TJ, Dayton PK, Dayton AE, Steger R (1991) Regional and local
variability in recovery of shallow coral communities— Moorea, French
Polynesia and central Great Barrier Reef. Coral Reefs 9: 183–192.
65. Hughes TP (1994) Catastrophes, phase-shifts, and large-scale degradation of a
Caribbean coral reef. Science 265: 1547–1551.
66. Bythell JC, Hillis-Starr ZM, Rogers CS (2000) Local variability but landscape
stability in coral reef communities following repeated hurricane impacts. Mar
Ecol Prog Ser 204: 93–100.
67. Jackson JBC (1979) Morphological strategies of sessile animals. In: Larwood G,
Roser BR, editors. Biology and systematics of colonial organisms. London:
Academic Press. pp. 499–555.
Spatial Variation in Background Mortality along the Great Barrier Reef
PLOS ONE | www.plosone.org 10 June 2014 | Volume 9 | Issue 6 | e100969
68. Oliver J (1985) Recurrent seasonal bleaching and mortality of corals on the
Great Barrier Reef. Proc 5th Int Coral Reef Congr 4: 201–206.
69. Jokiel PL, Coles SL (1990) Response of Hawaiian and other Indo-Pacific reef
corals to elevated temperature. Coral Reefs 8: 155–162.
70. D’Croz L, Mate JL (2004) Experimental responses to elevated water temperature
in genotypes of the reef coral Pocillopora damicornis from upwelling and non-
upwelling environments in Panama. Coral Reefs 23: 473–483.
71. Pisapia C, Anderson K, Pratchett MS (2014) Intraspecific variation in
physiological condition of reef-building corals associated with differential levels
of chronic disturbance. PLOSONE 9(3): e91529.
72. Hughes TP (1984) Population Dynamics Based on Individual Size Rather than
Age: A General Model with a Reef Coral Example. Am Nat 123: 778–795.
73. Babcock RC (1991) Comparative demography of three species of scleractinian
corals using age and size-dependent classifications. Ecol Monogr 61: 225–244.
74. Ginsburg RN, Gischler E, Kiene WE (2001) Partial mortality of massive reef-
building corals: an index of patch reef condition, Florida Reef Tract. Bull Mar
Sci 69: 1149–1173.
75. Highsmith RC, Riggs AC, D’Antonio CM (1980) Survival of hurricane-
generated coral fragments and a disturbance model of reef calcification growth
rates. Oecologia 46: 322–329.
76. Loya Y (1976) Skeletal regeneration in a Red Sea scleractinian coral population.
Nature 261: 490–491.
77. Nugues MM, Roberts CM (2003) Partial mortality in massive reef corals as an
indicator of sediment stress on coral reefs. Mar Poll Bull 46: 314–323.
78. Comell JH (1973) Population ecology of reef-building corals. In: Jones OA,
Endean R, editors. Biology and geology of coral reefs. New York: Academic
Press. pp. 205–245.
79. Bak RPM, Steward-van Es Y (1980) Regeneration of superficial damage in the
scleractinian corals Agaricia agaricites, f. purpurea and Porites astreoides. Bull Mar Sci
30: 883–887.
80. Fisher EM, Fauth JE, Hallock P, Woodley CM (2007) Lesion regeneration rates
in reef-building corals Montastraea spp. as indicators of colony condition. Mar
Ecol Prog Ser 339: 61–71.
Spatial Variation in Background Mortality along the Great Barrier Reef
PLOS ONE | www.plosone.org 11 June 2014 | Volume 9 | Issue 6 | e100969
